Enhanced adhesion and migration of osteoblastic cells on titanium (Ti) surface is believed to increase the success rate of implant therapy. A GRGDSP peptide derived from fibronectin was coated on Ti surfaces using a tresyl chloride activation technique, and then MC3T3-E1 osteoblastic cells were cultured on the Ti surfaces. After 15 days, total RNA was isolated from the cells and gene expression level were analyzed by Affymetrix GeneChip system. The expression levels of many genes in MC3T3-E1 cells cultured on GRGDSP-coated Ti surface were altered when compared to uncoated Ti. In particular, the elevated mRNA levels of bone sialoprotein (BSP) and osteocalcin (OC) were successfully confirmed by reverse transcription-polymerase chain reaction (RT-PCR) and real-time PCR. In light of the results obtained, GRGDSP-coated Ti presented the potential of evolving into a useful biomaterial for successful implant therapy.
INTRODUCTION
With titanium (Ti) implants, the first biological reaction at the biomaterial-tissue interface is the adsorption of body fluid proteins, including extracellular matrix components 1, 2) . It is widely accepted that these adsorbed proteins influence the subsequent biological responses at the implant-tissue interface. Some studies have reported that precoating the Ti surfaces with cell-adhesive proteins, such as fibronectin (FN) and laminin, improved initial cell attachment, cell spreading, and cell activity 3) . This proposed precoating treatment hinges on the essential roles of FN in osteoblast survival, proliferation, osteoblast-specific gene expressions, and matrix mineralization 4) . Upon examining the gene expressions of MC3T3-E1 cells on FN-coated Ti in a previous study, we indeed found an increase in the degree of cell attachment alongside enhanced gene expression level of bone sialoprotein (BSP) 5) . It has been pointed out that synthetic peptides with a functional domain consisting of an adhesive molecule may have some advantages in the development of biomaterial implants. This is because when compared to whole FN protein, a small synthetic peptide containing a functional domain wields the twofold advantages of less immunogenicity and lower cost of production from serum or recombinant gene clone 6) . In view of the above mentioned advantages, we designed and synthesized RGD-motif-containing peptides derived from collagen, laminin, FN, and BSP. It was found that the GRGDSP peptide derived from FN had the highest cell attachment activity among these peptides tested 7) . In a separate study, Zreiqat et al. 8) reported that cells derived from human bone cultured on GRGDSP peptide-bound Ti surfaces displayed significantly increased level of osteocalcin (OC) gene expression when compared to uncoated Ti. By means of an in vivo animal study, significantly improved mechanical fixation and increased bone formation were achieved around Ti implants coated with RGD peptides and implanted into the femoral condyles of dogs 9) . However, very little is known about the mechanisms that enhance the integrity of tissueimplant interfaces by the coating of FN-derived functional peptides. To the end of further understanding the usefulness of GRGDSP peptide-coated Ti for potential development into an implant biomaterial, GRGDSP peptides were synthesized and coated on Ti surfaces and then gene expression profiles were examined using the Affymetrix GeneChip system.
MATERIALS AND METHODS

Peptide coating onto Ti disks
Synthetic peptides were coated on Ti surfaces using the tresyl chloride activation method described in previous literature 10) . Briefly, Ti disks (JIS, Japan industrial Specification H 4600, 99.9 mass％ Ti; Furuuchi Chemical Corp., Tokyo, Japan) with a diameter of 15 mm or 48 mm were used. The disks were ground with 600-grit sandpapers. Resultant surface roughness of the polished Ti, as measured with Handysurf E-30A (Tokyo Seimitsu, Tokyo) with a scale length of 4 mm and a cut of value of 0.8, was 0.76±0.06 μm. Surfaces of the polished Ti disks were completely covered with tresyl chloride (Fluka, Buchs, Switzerland) and stored at 37°C for 2 days. The tresylated Ti disks were then washed with water followed by a water-acetone solution (50:50), dried, and stored in a desiccator. Chemically synthesized GRGDSP peptide (Harbor Bio-Products, MA, USA) was dissolved in phosphate-buffered saline (PBS, pH 7.4) solution at a concentration of 100 μM. After ultrasonic cleaning in distilled water, the tresylated Ti disks were immersed in the GRGDSP-PBS solution (100 μM) for 24 hours at 37°C for GRGDSP peptide coating, and then rinsed with doubleddistilled water. Finally, the Ti disks were dried with a gentle stream of dry air and stored in a desiccator. Uncoated Ti disks were used as a control. Before cell culture commenced, all disks were sterilized by ultraviolet radiation.
Ti surface analysis
Surface analysis after chemical reaction with peptide was performed using an X-ray photoelectron spectroscope (XPS; Axis Ultra, Kratos Analytical, UK), which was equipped with a monochromatized AlKα X-ray source operated at 15 kV and 15 mA 11) . Briefly, the specimen surface was irradiated with an X-ray beam, which induced the ejection of electrons from the atom. The kinetic energy of the emitted photoelectrons was analyzed and their binding energy was determined. Since the binding energy of electrons in the atom of origin is characteristic of the element and affected by its chemical environment, this method provides an elemental analysis and further information about the functional groups. Peptide immobilization on Ti was confirmed by O 1s and N 1s peaks of amide bonds in peptide. The binding energy scale for each spectrum was calibrated against the C 1s peak at 284.8 eV.
Cell culture and RNA extraction MC3T3-E1 cells (RCB1126, RIKEN BioResource Center, Tsukuba, Japan) were plated at a density of 5×10 4 cells/cm 2 on 48-mm GRGDSP-coated Ti disks and control disks. The cells were cultured using α-Minimum Essential Medium (α-MEM; Gibco, Invitrogen, Carlsbad, CA) with 10％ fetal calf serum, antibiotics (penicillin/streptomycin), 50 μg/ml ascorbic acid, and 5 mM β-glycerophosphate as an osteoblastic differentiation condition to analyze osteoblast marker gene expression. The medium was changed every 2-3 days. In a previous study in which we examined the effect of FN coating on Ti surfaces, it was found that the gene expression profile of MC3T3-E1 cells was altered after 14 days of culture 5) . With a similar cell growth condition, total cellular RNA was therefore isolated from MC3T3-E1 cells on the GRGDSP-coated Ti disks on the 15 th day using RNeasy Kit (QIAGEN, CA, USA).
Scanning electron microscopy analysis
After 4 weeks of cell culture, Ti disks were rinsed thoroughly in PBS, mounted on a piece of cork, and fixed in 2.5％ glutaraldehyde in phosphate buffer (pH 7.4). Following fixation, disks were dehydrated in ethanol and then dried with tetramethylsilane. After ion coating with platinum, the morphology of the cells was observed using Field-emission scanning electron microscope (FE-SEM, JEOL, JSM-6340F, Tokyo) at an accelerating voltage of 5 kV.
GeneChip analysis A total RNA quantity of 100 ng was subjected to twocycle target labeling according to Affymetrix instructions. Antisense complimentary RNA (cRNA) derived from double strands complimentary DNA (cDNA) was labeled in the presence of biotinylated deoxyribonucleotide triphosphate (dNTP) derivatives to produce cRNA probes. The probes were then fragmented and hybridized to the GeneChip Mouse Genome 430 2.0 Array (34,000 genes). Washing and staining were performed for each sample using a GeneChip Fluidics Station 450 (Affymetrix, Santa Clara, CA, USA). Chip performance, background levels, and the presence or absence of signals were assessed using Microarray Suite software (Affymetrix).
Each chip in a given set was normalized by adjusting the probe intensity. The presence or absence of signals was re-evaluated and intensity normalization was performed across all the eight arrays. Data analysis was performed using the GeneChip Expression Analysis software (Affymetrix) and GeneSpring software (Silicone Genetics, Redwood, CA, USA).
Real-time and endpoint RT-PCR analysis
Real-time PCR reactions were carried out using a real-time DNA thermal analyzer (Rotor-Gene TM 6000, Corbett Life Science, Sidney, Australia) with SYBR Premix Ex Taq TM (Perfect Real Time PCR, Takara, Japan) Green PCR Kit (Qiagen GmbH, Germany).
PCR was started with an initial incubation at 95°C for 15 seconds to activate Taq DNA polymerase, then set at 95°C for 5 seconds and 56°C for 15 seconds for 40 cycles. The fluorescent signals were measured at the end of each elongation step, and the beginning points of their exponential curves were determined for conversion of the cycle number into the amount of PCR. To calculate gene expression fold changes, the initial template concentration was derived from the cycle number at which the fluorescent signal crossed the threshold in the exponential phase of the realtime PCR reaction. After the final PCR step, the temperature was gradually raised from 60°C to 95°C. In parallel, the fluorescent signals were monitored in order to form the melting curves and check the specificity of PCR amplification.
Values were calculated as means±standard deviation (SD). Comparisons between two groups were performed using Student's t-test. The respective primer sequences were 5'-TACC-GAGCTTATGAGGACGAA-3' (the forward primer for BSP);
5'-GCATTTGCGGAAATCACTCTG-3' (the reverse primer for BSP); 5'-AGCTATCAGACCAG-TATGGCT-3' (the forward primer for OC); 5'-TTTTG-GAGCTGCTGTGACATC-3' (the reverse primer for OC); 5'-ATCACCATCTTCCAGGAG-3' (the forward primer for GAPDH); and 5'-ATCGACTGTGGTCAT-GAG-3' (the reverse primer for GAPDH).
RESULTS
On the polished Ti surface, no elements originating from GRGDSP peptide were observed except for the detection of O 1s and Ti 2p peaks. After coating GRGDSP on Ti surfaces by tresyl chloride activation, the elements of Ti, C, N, and O were detected by XPS analysis (Fig. 1) . On the outermost surface of the coated specimen, an N 1s peak was detected at 399.9 eV -which was derived from the amide groups in GRGDSP peptide.
Two O 1s peaks were also observed at 532 eV and 530.3 eV. The 532 eV peak was derived from the amide groups in GRGDSP, and that at 530.3 eV from the bulk oxygen in titanium dioxide.
In the Ti 2p spectrum of GRGDSPimmobilized Ti, the presence of Ti 2p peaks at 464.2eV and 458.5 eV indicated that Ti was not completely covered with peptide. The Ti 2p1/2 peak at 464.2 eV and Ti 2p3/2 peak at 458.5 eV corresponded to the titanium surface of oxidized Ti (TiO2). Before protein immobilization, no N peaks were detected (data not shown). After 15 days of culture, there were no significance differences in cell number between GRGDSP-coated Ti disk and uncoated disk (data not shown). Figure 2 shows typical scanning electron microscopic images after 4-week culture. Figure 3 shows the scatter plot of gene XPS analysis for Ti, C, N, and O elements. A: N 1s spectrum, where 399.9 eV peak was derived from the amide groups in GRGDSP peptide (C and N). B: O 1s spectrum, where 532 eV peak was derived from the amide groups in GRGDSP (C and N), and 530.3 eV from the bulk oxygen in titanium dioxide. C: Ti 2p spectrum, where 464.2 eV and 458.5 eV were derived from the titanium surface of surface oxidized Ti (TiO2).
expression levels in MC3T3-E1 cells of uncoated control and GRGDSP-coated Ti disks after 15 days of culture. The numbers of genes of which the expression rates were more than twofold or less than twofold when compared with uncoated Ti disk were 31 and 51 genes respectively. Therefore, GRGDSP coating altered many gene expressions when compared with the control. Table 1 lists the genes in MC3T3-E1 cells of which the mRNA levels were altered -as compared to uncoated Ti disk -after 15 days of culture on GRGDSP-coated Ti disk. Among the altered gene expressions, BSP and OC indicated mRNA levels which were 3.5-and 2.0-fold higher than those of uncoated Ti disk, respectively. To confirm the enhanced mRNA levels of BSP and OC genes, end-point RT-PCR was carried out. Figure 4 shows that higher mRNA levels of BSP and OC detected in MC3T3-E1 cells cultured on GRGDSP-coated Ti disk, when compared to the uncoated Ti disk. In contrast, the mRNA level of GAPDH, the housekeeping control, showed no changes between GRGDSP-coated and uncoated Ti disks.
To further determine the exact rates of increase of BSP and OC gene expression levels, it was done so using real-time PCR. As shown in Fig. 5 , real-time PCR data were converted to mRNA copy units. It was thus evident that when compared to uncoated Ti disk, the expression levels of BSP and OC genes in MC3T3-E1 cultured on GRGDSP peptide-coated Ti disk were significantly increased.
Finally, the relative mRNA amounts and normalized ratios of BSP/GAPDH and OC/GAPDH from GeneChip analysis and real-time RT-PCR were calculated and summarized in Table 2 . By means of quantitative real time RT-PCR, it was revealed that GRGDSP peptide coating increased the BSP and OC mRNA levels by 3.2-and 1.5-fold respectively. Scanning electron micrographs of MC3T3-E1 cells on uncoated and GRGDSP-coated Ti disks after 15 days. Endpoint RT-PCR analysis of BSP and OC mRNA levels. GAPDH was used as an internal control for cDNA quality and PCR efficiency. 1: Uncoated; 2: GRGDSP-coated. 10) . Studies have shown that RGD and related peptides are able to enhance osteoblast adhesion and migration 11, 12) . Zreiqat et al. 8) reported that human bone-derived cells on GRGDSP peptide-bound Ti surfaces displayed significantly increased levels of OC gene expression when compared to uncoated Ti. Furthermore, Ferris et al. 6) found that RGD-coated Ti implants stimulated new bone formation in vivo, such that there was a significant increase in bone volume around Ti implants in rat femur after implantation. Additionally, the effect of RGD peptide coating of Ti implants in dog models was studied. It was found that RGD-coated implants significantly improved mechanical fixation and increased bone formation around cylindrical Ti implants coated with RGD peptides in femoral condyles 9) . In this study, GRGDSP peptides derived from FN were successfully coated on Ti disks.
Preosteoblastic MC3T3-E1 cells were then cultured on GRGDSP peptide-coated Ti disks. Gene expression profiling of MC3T3-E1 was carried out after 15 days using Affymetrix GeneChip system. Results showed that GRGDSP coating markedly altered the mRNA levels of many genes including BSP and OC. To further confirm the GeneChip analysis results, we focused only on BSP and OC genes as they are two important markers in osteoblast differentiation. Using both real-time PCR and endpoint PCR, the results obtained showed a good agreement with GeneChip analysis results ( Table 2) . BSP is a highly glycosylated and sulphated phosphoprotein that is found in most mineralized connective tissues.
BSP gene expression is upregulated by growth factors that promote bone formation and down-regulated by factors that suppress bone formation.
Thus, BSP has the biophysical and chemical properties to act as a nucleator for mineralization in bone 12) . In our previous report, the BSP gene expression level in MC3T3-E1 was enhanced when cultured on FNcoated Ti 5) . OC is one of the major non-collagenous proteins incorporated in bone matrix during bone formation. Vitamin K deficiency results in an increase in undercarboxylated OC, a protein with low biological activity. Consequently, high levels of undercarboxylated OC are associated with low bone mineral density and increased hip fracture 13) . Conversely, Hilbig et al. 14) demonstrated that implant surfaces coated with FN stimulated OC expression in cells derived from human bone using immunohistochemical staining. Many gene expressions were found to be altered in MC3T3-E1 when cultured on GRGDSP peptidecoated Ti surfaces, including BSP and OC. The upregulated mRNA levels of BSP and OC were confirmed by RT-PCR and real-time PCR. BSP and OC are osteoblast-related gene products and are useful markers during the bone formation process. Therefore, increase in transcriptions of BSP and OC genes suggested that GRGDSP peptide-coated Ti could be a useful biomaterial for accelerating bone formation. The use of small peptides to coat Ti to enhance bone formation seemed attractive. This is because functional peptides can be fabricated synthetically at a high purity and at a much lower cost than whole proteins.
Our findings suggested that GRGDSP peptide-coated Ti may be useful for accelerating osseointergration of implants, and therefore may be utilized in future clinical applications. 
